This paper presents the high-diversity space division multiplexing (SDM) visible light communications (VLCs) utilizing a fisheye-lens-based imaging receiver. The receiver features ultra-wide field-of-view, good illumination uniformity, ultra-high imaging quality, and compact size; therefore, it can realize omnidirectional receiving and provide high spatial diversity for the SDM VLC system. In the presented system, four data streams are parallelly transmitted by commercial phosphorescent white light-emitting diodes, and discrete multitone signals based on quadrature amplitude modulation and bit loading are employed to achieve high spectral efficiency. The experiment verifies that the interchannel interference is effectively alleviated due to the high spatial diversity provided by the fisheye-lens-based receiver, and an aggregate data rate of 1.3 Gbit/s is achieved with the limited 3-dB bandwidth of 20 MHz. Besides, it is feasible to extend the system to more channels to achieve higher capacity. The experimental results indicate that the fisheye-lens-based imaging receiver is a potential candidate for high-speed VLC applications.
Introduction
Nowadays, the radio frequency (RF) wireless communication technology has been widely used all around the world. However, as the data traffic exponentially increases in recent years, the wireless communication system has to be faced with a major challenge, which demands for additional bandwidth. Optical wireless communications turn out to be an alternative solution because of its advantages of free license, enhanced security, and high immunity to electromagnetic interference. Owing to the rapid improvement of solid-state lighting technology, visible light communication (VLC) based on white light-emitting diodes (LEDs), which can provide simultaneous illumination and data transmission, has drawn extensive interest over the past decade [1] [2] [3] [4] .
However, the realization of high-speed transmission is challenging due to the limited modulation bandwidth of the LEDs (several MHz). In order to improve the data rate, many approaches have been investigated, including filtering out the slow-response phosphorescent light [5] , equalization [6] , wavelength division multiplexing (WDM) [7] , polarization division multiplexing (PDM) [8] , highefficiency modulation formats [9] [10] [11] , and novel structures for high-bandwidth LEDs [12] .
Spatial-multiplexing multiple input multiple output (MIMO) is another candidate to realize high-speed VLCs [13] [14] [15] [16] [17] . On the one hand, in order to achieve moderately uniform illumination, multiple LED lamps are usually employed, which can naturally serve as the transmitter array. On the other hand, the use of spatialmultiplexing technique enables high capacity without the need for additional power or bandwidth. However, since the channel gain is real and nonnegative, the VLC channels are highly correlated, and then the performance of the spatial-multiplexing system can be significantly degraded. In allusion to this problem, it has been indicated that by increasing the spacing of the receiving elements, adequate spatial diversity can be ensured [14] ; nonetheless, it violates the demand for compact receiver. Another potential solution is to employ an imaging receiver [15] , and the convex-lens-based imaging VLC systems were experimentally demonstrated in [16, 17] . However, the conventional imaging system could be impractical due to some major limitations. First, since the field-of-view (FOV) of the convex lens is small, the conventional imaging system can only work with small incidence angles (less than 10°as in [16, 17] ). Besides, due to the poor imaging quality of the convex lens, the crosstalk between different channels is difficult to be eliminated. In addition, the size of the projected image is usually very large, so it cannot match the off-the-shelf small-sized detector array.
In order to solve these problems, we have proposed a novel imaging receiver scheme based on fisheye lens for spatial-multiplexing VLC applications [18] , which features ultra-wide FOV, good illumination uniformity, ultra-high imaging quality, and compact size. Therefore, this receiver can function well even with large incidence angles, and it can provide high spatial diversity for demultiplexing of the optical signals. In this paper, we further demonstrate the proof of concept of a fourchannel space division multiplexing (SDM) VLC system utilizing the fisheye-lens-based imaging receiver. In the demonstration, discrete multitone (DMT) signals with quadrature amplitude modulation (QAM) and bit loading are employed to achieve high spectral efficiency, and due to the high spatial diversity provided by the fisheyelens, the interchannel interference is effectively alleviated. As this paper mainly focus on the verification of high spatial diversity of the SDM system, the circuits employed in the experiment are not fully optimized. Despite this, the data rate of 356.3, 312.5, 323.8, and 343.1 Mbit/s is achieved for the four SDM channels, respectively. Thus, an aggregate data rate of over 1.3 Gbit/ s is realized with the 3-dB bandwidth of 20 MHz, while the bit error rates (BERs) for the four channels are below the forward error correction (FEC) threshold.
The remainder of this paper is organized as follows. In Section 2, we will present the proposed fisheye-lensbased imaging receiver scheme and its projection model. Following that, Section 3 will show the experimental setup and Section 4 will present the experimental results and discussions. The paper conclusion will be included in Section 5.
2 Proposed fisheye-lens-based imaging receiver for spatial-multiplexing VLCs Figure 1 shows the schematic diagram of the fisheyelens-based spatial-multiplexing VLC system and its projection model. In this system, the LED lamps provide indoor illumination and transmit parallel data streams. Instead of using the simple convex lens, a fisheye lens is employed as the imaging lens to project the incident light onto the receiving plane, and then the detector array receives the spatial-multiplexing signal. It should be noted that the fisheye lens, which is a bionic lens assembly that covers the hemispherical field, offers many advantages [19] , including ultra-wide FOV (≥180°), good illumination uniformity, and ultra-high imaging quality. Therefore, the fisheye-lens-based receiver can realize omnidirectional receiving, and it can clearly separate the spatial-multiplexing signals from different LEDs, providing high spatial diversity.
The projection model of the receiver can be determined by using the polynomial projection function [18] . Assuming that a Lambertian LED is placed at p (r, θ, φ) with a distance of r to the fisheye lens, then, with the channel DC gain on the direct path H d (0) and the reflected path dH ref (0) as defined in [1, 18] , the received optical power is defined as
where P t is the transmitted optical power. Since the fisheye lens has ultra-high imaging quality, the projected light is focused onto a single dot p'(ρ', φ) on the focal plane, whose coordinate is given by [18] 
where k i is the ith order coefficient and θ is the incident angle to the receiver. In order to avoid the total optical power falling onto the blind areas between the adjacent elements of the receiver array, the receiving plane is assumed to be fixed beyond the focal plane with an offfocus distance of l [18] ; thus, the light is defocused, and the optical power received at arbitrary point p''(ρ'', φ) on the receiving plane is given by [18] 
where dA'' is the unit area at p'', r'' is the distance from p' to p'', ψ 1/2 = arctan(D / 2f ) is the half divergence angle, and ψ is the angle from p ′ p ″ to the optical axis. Then, by integrating the optical power, the received optical power over the detector can be determined:
With the polynomial projection model, we will briefly analyze the projected image and the channel matrix of the spatial-multiplexing VLC system. In the following simulation, a commercial fisheye lens, as analyzed in [18] , is employed. The fisheye-lens-based receiver is assumed to locate on the center of the floor of the room, measuring 5 m × 5 m × 2.5 m [1, 18] . Four LED (semiangle of 65°) transmitters (Txs) are symmetrically mounted on the ceiling with the distance of 1 m to the neighboring walls. Then, given the following parameters: the optical transmittance of 0.9, the area of the entrance pupil of 0.5 cm 2 , l = 1.3 mm, and the wall reflectivity of 0.7, the normalized optical intensity on the receiving plane is obtained, which is shown in Fig. 2 . The simulation result indicates that the fisheye lens can effectively separate the images of the LEDs, offering high spatial diversity for the spatial-multiplexing VLCs. Note that although we only present the simulation in which the receiver is placed on the center, it has been investigated that high spatial diversity can be always obtained with various positions under indoor environment [18] . In addition, the projected image is planar and small in size (<1 cm 2 ), so it can match the compact detector array. By integrating the fisheye lens with the detector array, high reliability can be guaranteed.
Consider that there are four detectors covering the four quadrants of the receiving plane, the channel matrix can be calculated by integrating the optical power due to each LED over each detector, given by 
where H(i,j) is the channel gain between the ith detector and the jth LED. We can see that in each row or column, there is an element that is much greater than the others, which means that a low correlation of the four channels is achieved, and that the interference between different channels is effectively eliminated. Therefore, high-performance SDM VLC applications can be potentially realized.
Experimental setup
The block diagram and experimental setup of the fisheye-lens-based SDM VLC system is shown in Fig. 3 , together with the projected image of the LED Txs, which is in accordance with the simulation result. In order to match the scenarios where four LED lamps are installed on the ceiling [1, 18] , a cuboid shelf was employed to imitate a room. As the Tx array, four commercial phosphorescent white LEDs (OSTAR) were symmetrically mounted on the ceiling of the shelf, with the distance between adjacent LEDs of 40 cm. The LED module provides a luminous flux of~250 lm at 700 mA dc, and its full viewing angle at half power is 130°. In order to drive all the four channels simultaneously, four independent signals were generated by software before feeding into the arbitrary waveform generator (AWG, Tektronix), and then, the LEDs were modulated by the output signals of the AWGs superimposed on a DC current of 700 mA via bias-T.
The fisheye-lens-based imaging receiver, which mainly consisted of a commercial fisheye lens (16 mm F/2.8, FOV of 180°), a blue filter, and an avalanche photodiode (APD) module, was fixed on the center of the floor with a vertical distance of 40 cm to the ceiling (note that the distance between the Tx and the fisheye-lens-based receiver was larger than 40 cm). In this case, the illuminance level of around 1000 lx was obtained in front of the receiver, which was within the lighting standard for the working environment [1] , and the typical indoor distance of several meters could be achieved by using more LED modules in parallel. Moreover, the experimental setup was in accordance with the scenarios in [1, 18] , and the incidence angle to the imaging receiver was 35.3°, which was much larger than that of the previous works [16, 17] . In lack of an APD array, a single APD module (responsivity of 0.42 A/W at 620 nm, bandwidth of 80 MHz, and active area of 7.1 mm 2 ) was employed in the verification experiment. Since the signals from different LEDs can be always clearly separated over individual quadrants of the imaging plane [18] , we simply adjusted the position of the APD and placed it on the corresponding quadrant to receive the optical signal under test. In this way, all the four SDM channels were tested individually to verify the high spatial diversity. The received signal was then recorded by a real-time oscilloscope (OSC, Tektronix) for further off-line signal processing.
In the experiment, QAM-based DMT signals were employed, which consisted of N subcarriers within the bandwidth of B (N = 64, B = 50 MHz, and N = 128, B = 80 MHz for two cases, respectively, which will be presented in the following section). The first subcarrier corresponding to DC was left unmodulated, and when measuring the transmission performance of the SDM system, manual bit loading was applied on the other subcarriers to adapt to the channel quality. As a result, the spectral efficiency could be enhanced. After being recorded by the OSC, the signals were demodulated according to the bit-loading mask, and then the BERs were calculated for each subcarrier.
Experimental results and discussions
Before transmission performance assessment of the fisheyelens-based SDM system, the frequency characteristic of the electro-optical-electrical (EOE) channel was firstly measured, and Fig. 4 illustrates the normalized EOE channel responses for all the four SDM channels. It can be seen that the four channels have similar frequency characteristics with the 3-dB EOE bandwidth around 20 MHz. Note that since the APD itself has a relatively larger bandwidth, it can be concluded that the EOE bandwidth is mainly limited by the LED module.
In order to verify that high spatial diversity can be obtained and that the interchannel interference can be effectively alleviated, we compared the BER performance in the two cases where (i) only one Tx was operational with the other three LEDs illuminating and (ii) all the four SDM channels were operational simultaneously to transmit different signals. In the measurement, QAMbased DMT signals were employed, which consisted of 
Page 4 of 7 50 MHz, and uniform modulation orders were applied on all the 63 (without DC) subcarriers. Figure 5 illustrates the resultant BERs as a function of the modulation order for all the four SDM channels together with the constellation diagrams of the received data. From this figure, we can find that the BER performance is not significantly degraded when four Txs are operational at the same time, which means that the crosstalk between different SDM channels is efficiently eliminated by using the high-spatial-diversity imaging receiver.
Finally, we measured the transmission performance of the fisheye-lens-based SDM VLC system. In the measurement, the baseband bandwidth was set to 80 MHz, which was equal to the bandwidth of the APD module, and the QAM-based DMT signals consisted of 128 subcarriers (the carrier spacing was 0.625 MHz). Since the bandwidth of the DMT signals exceeded the 3-dB EOE bandwidth of the SDM channels, the signal-to-noise ratio (SNR) could be significantly degraded over the highorder subcarriers. In order to solve this problem, we manually adjusted the modulation orders on different subcarriers to adapt to the channel quality [20] . In this way, the transmission rate was enhanced, while the total BER was kept below the threshold of 3.8 × 10 −3 that can be compensated by the FEC coding. Figure 6 shows the bit loading masks of all the four SDM channels. Due to the imperfection of the driving circuits, the spectral efficiencies on the first couple of subcarriers are degraded, and different channels have different bit loading masks despite the symmetrical experimental setup. Besides, as the frequency increases, the bit distribution decreases since the SNR is degraded.
The resultant BER performance on different subcarriers is illustrated in Fig. 7 together with the constellation diagrams on different subcarriers. It can be seen that within a group of subcarriers of the same modulation order, the BER increases with the frequency. However, the BERs vary significantly over some high-order (beyond~100th) subcarriers even though they have the same modulation order. This can be explained that since these subcarriers are far beyond the 3-dB EOE bandwidth (over −10 dB), the SNR is severely degraded. The resultant BERs of the four SDM channels are 3.0 × 10 −3 , 2.6 × 10 −3 , 2.7 × 10 −3 , and 3.2 × 10 −3 , respectively, which are all below the FEC limit. With the bit-loading masks as shown in Fig. 6 , the transmission rate for the four channels are 356.3, 312.5, 323.8, and 343.1 Mbit/s, respectively, leading to an aggregate rate of over 1.3 Gbit/s. Note that since we mainly focus on the verification of high spatial diversity in this work, the circuits employed in the demonstration were not fully optimized. With further optimization of the circuits, it is potential to achieve better transmission performance.
Finally, it should be noted that although the demonstrated SDM VLC system consists of only four SDM channels, it is feasible to be extended to more channels since the optical signals from different channels can be always clearly separated by the fisheye lens. As a result, it is potential to further multiply the system capacity by utilizing more LEDs for high-speed parallel transmissions. In addition, for practical application, a detector array integrated with the fisheye lens should be employed to receive the SDM signals, and misalignment between the projected image and the element of the detector array could happen, especially in the scenarios with moving or randompositioned receivers. In this case, the SDM scheme will become a typical spatial-multiplexing MIMO system as shown in our previous work [18] , and with the MIMO demultiplexing process, the signal can be recovered. It has been indicated that the fisheye-lens-based imaging receiver scheme has superior performance on demultiplexing of the MIMO signals, and it can potentially realize high-speed parallel transmissions with little interchannel interference [18] . The detailed experimental analysis of the fisheye-lens-based MIMO VLC transmission will be left for a future study. In conclusion, this paper has presented the high-diversity fisheye-lens-based VLC system, which can realize highperformance SDM transmission because of the advantages of ultra-wide FOV, good illumination uniformity, ultrahigh imaging quality, and compact size. By using the polynomial projection model, the optical intensity on the receiving plane was obtained, showing that low correlation of the SDM channels was achieved. In the experimental demonstration, the system consisted of a four-channel SDM link with the 3-dB EOE bandwidth of around 20 MHz. In order to achieve high spectral efficiency, QAM-based DMT signals with bit-loading were employed, and four commercial phosphorescent white LEDs were utilized to transmit parallel data streams. The experiment results indicated that the BER performance was not significantly degraded when four Txs were operational at the same time, which verified that the crosstalk between different SDM channels was effectively alleviated due to the high spatial diversity provided by the fisheye-lens-based imaging receiver. Besides, the transmission rate of 356.3, 312.5, 323.8, and 343.1 Mbit/s was achieved for the four channels, respectively, while the BERs were below the FEC threshold, leading to an aggregate data rate of over 1.3 Gbit/s. In addition, since the optical signals from different channels can be always clearly separated by the fisheye lens, it is feasible to extend the SDM system to more channels to achieve higher capacity. The demonstration indicated that the fisheye-lens-based imaging receiver is a potential candidate for high-speed VLC applications.
